Recent innovations may lead to magnetic sensors that are smaller, more sensitive, and/or cost less than current magnetometers. Examples of this are the chip scale atomic magnetometer, magnetic tunnel junctions with MgO barriers, and a device for minimizing the effect of 1 / f noise, the microelectromechanical system ͑MEMS͒ flux concentrator. In the chip scale atomic magnetometer, researchers have been able to fabricate the light source, optics, heater, optical cell, and photodiode detector in a stack that passes through a silicon wafer. Theoretical and subsequent experimental work has led to the observation of magnetoresistance values of 400% at room temperature in magnetic tunnel junctions with MgO barriers. This large magnetoresistance occurs because electrons in the majority band can tunnel more easily through the MgO barrier than electrons in the minority band. The MEMS flux concentrator has the potential to increase the sensitivity of magnetic sensors at low frequencies by more than an order of magnitude. The MEMS flux concentrator does this by shifting the operating frequency to higher frequencies where the 1 / f noise is much smaller. The shift occurs because the motion of flux concentrators on MEMS flaps modulates the field at kilohertz frequencies at the position of the sensor. Though miniaturization is generally beneficial, trade-offs are necessary because some properties, such as noise, worsen with decreasing size.
I. INTRODUCTION
Magnetic sensors have many applications 1 ranging from simply counting the rotations of parts in a car or assembly plant to such medical applications as magnetocardiography 2 and measuring brain activity. Compassing has been, and remains, an important use of magnetic sensors. A more recent application of magnetic sensors is in drug delivery. The type of magnetic sensor used depends on the application. For instance, the low cost Hall sensors used in the automotive industry to monitor various functions in cars are very different from the sensors used in hospitals to perform magnetic resonance imaging. The choice of magnetic sensor depends on cost, size, power consumption, frequency range, and sensitivity.
Magnetometers can be divided into two classes: vector magnetometers which measure the magnetic field in specific direction and total field or scalar magnetometers which measure the magnitude of the magnetic field. Scalar magnetometers 3 use the energy splittings between electronic or nuclear energy levels. The simplest and least sensitive total field magnetometer measures the nuclear precession rate in a magnetic field. A more sensitive total field magnetometer is the Overhauser effect magnetometer. In the Overhauser effect, 4 the polarization of electrons and the hyperfine interaction give rise to an enhanced nuclear polarization. At present, the most sensitive total field magnetometers are optically pumped magnetometers. A large magnetoresistance has been observed 5 at room temperature in semiconducting polymer sandwiches. What makes this work particularly interesting is that Francis et al. report that the magnetoresistance is independent of the direction of the magnetic field. A device using this effect could be a low cost total field sensor. At present, there are no low cost total field magnetic sensors. The types of vector magnetometers include Hall effect, fluxgate, magnetoresistance, microelectomechanical system ͑MEMS͒, and coil based magnetometers. Each of these types can be further subdivided. For example, magnetoresistance sensors include anisotropic, giant magnetoresistance, and magnetic tunnel junction magnetoresistance sensors. Considerable progress has been made in making devices with increased magnetoresistance. Prior to the discovery 6, 7 
where R a and R p are the resistances of the junction when the two ferromagnetic layers are antiparallel and parallel, respectively, and P 1 and P 2 are the spin polarizations of the two ferromagnets at the Fermi level. Butler et al. 10 and Mathon and Umerski 11 found that the tunneling conductance is strongly dependent on the symmetry of the electron states of the electrodes and the evanescent electron states in the barrier. This theoretical work motivated two groups 12, 13 to study MTJs with MgO barriers. The increase in room temperature MR discussed by Heilger et al.
14 is illustrated in Fig. 1 . Figure 2 shows schematically some of the choices available in choosing magnetic sensors in terms of sensitivity and frequency. Table I compares some of the characteristics of these sensors. Total field sensors lose sensitivity with increasing frequency, whereas coil based sensors lose sensitivity at low frequency. At present, the most sensitive total field sensors are optically pumped sensors and the most sensitive commonly used vector sensors are fluxgates. One might think that vector sensors are always preferred since they provide more information. Actually, total field sensors are better on vehicles because they are insensitive to rotational vibrations. To see this, consider a rotation d of 0.1°of the axis of a vector sensor in the Earth's field B E and that the angle between the axis of the sensor and the direction of the Earth's field is . This gives rise to a change dB = −B E sin d. For = 45°and B E = 50 000 nT, dB = −62 nT.
II. EXAMPLES OF PROGRESS IN MAGNETOMETRY
In this section, several examples of new developments of magnetometry will be discussed. One of the examples, the chip scale atomic magnetometer, is a scalar or total field magnetometer. The other examples are vector field magnetometers and the MEMS flux concentrator.
A. Chip scale atomic magnetometer
The chip scale atomic magnetometer is a miniaturization of optically pumped magnetometers. Optically pumped magnetometers typically have a cell containing Cs or Rb vapor. 3, 15 Lasers are used to excite Cs or Rb atoms which then decay to the ground state, which is split into sublevels. All the atoms will end up in a sublevel which does not absorb light. With no other radiation present, the cell becomes transparent to the laser radiation. The energy splitting between the sublevels of the ground state is proportional to the magnitude of the magnetic field. If another radiation source is applied now whose photon energy matches the splitting, transitions between the sublevels in the ground state will occur and the cell will again absorb the laser radiation. Researchers 16 at NIST have been able to stack all the necessary components around a piece of silicon wafer, as illustrated in Fig. 3 . Glass covers the top and bottom of the cell. Tin oxide heaters deposited on the glass covers are used to maintain the metallic vapor. The energy used in the heaters is the main energy requirement. Two laser sources are at the bottom of the stack. The radiation difference from these two sources provides the photons to allow the atoms in the excited state to relax to the ground state. The detectivity of the sensor is about 100 pT/ ͱ Hz at 1 Hz. There are limits on decreasing the size of the cell because collisions with the cell 
B. Zigzag AMR sensor
The MR of AMR sensors depends on the angle between the current and the magnetization of a film of a ferromagnetic material such as Permalloy, an alloy of nickel and iron. AMR sensors have less 1 / f noise than the other MR sensors. Because of this, they are widely used for low frequency applications. AMR sensors have a linear response when the angle is about 45°. Angled shorting strips in a "barber pole" configuration 17 are used to maintain approximately equal to 45°. Nevertheless, the direction of the magnetization tends to drift and this causes the sensitivity to change. Current pulses are sent through a coil to create field pulses that reset the direction of the magnetization. The need for these current pulses greatly increases the power required for AMR sensors. To prevent the drift, the ferromagnetic film can be deposited 18 in a zigzag pattern, as shown in Fig. 4 . Because of shape anisotropy, the magnetization is in the plane of the film and tends to follow the zigzag pattern. The current tends to flow more in straight line path. Thus, shorting strips and currents for reset are avoided. One cannot reduce the scale of the device indefinitely because of the energy cost of creating domain walls. Silva et al. 18 quote a sensitivity of 3.54 mV/ ͑V kA m −1 ͒.
C. Magnetoelectric sensor
Magnetoelectric sensors 19, 20 are a clever arrangement of a piezeoelectric material sandwiched between two magnetostrictive slabs. In an applied field, the magnetostrictive material changes its length and strains the piezeoelectric material. Because of the strain, the piezeoelectric material generates a voltage. Thus, the sandwich generates a voltage without requiring power. Figure 5 illustrates the concept. Because the strains in magnetostrictive materials are even functions of the magnetic field, it is necessary to bias the sensor with a magnetic field. Using a MetGlas/polyvinylidenefluoride laminate, Zhai et al. were able to detect 19 a 10 pT field at 48 kHz using an 8 Oe constant bias field.
D. MEMS flux concentrator
In this section, we describe the development of a device, the MEMS flux concentrator, designed to mitigate the effect of 1 / f noise. As stated earlier, 1 / f noise is a serious problem in magnetoresistance sensors.
Concept
The concept for the device has been presented previously.
21,22 Figure 6 shows a schematic of the device. 
Fabrication
The sensors used were spin valves, a type of four layer structure GMR sensor consisting of two ferromagnetic metallic layers separated by a conductor and an antiferromagnetic layer which is used to pin the magnetization of one of the ferromagnetic layers. The spin valves were supplied by NVE Corp. The flux concentrators were sputtered films consisting of two repeats of 40 Å Cr/ 1500 Å Permalloy.
The MEMS structures were prepared starting with silicon on insulator ͑SOI͒ wafers because using these wafers decreases the number of fabrication steps. However, the SOI wafers from several companies could not be used because the bonding through the SIO 2 layer between the device layer and the thick silicon part of the wafer, called the handle wafer, was not adequate. When we did the wet etch release in HF using these wafers, the etch rate was higher in the plane of the wafer and the anchors that support the MEMS structure were etched away. Fortunately, we were able to obtain some SOI wafers in which the bonding was good enough that the anchors survived the wet etch release. Best results were obtained when the device layer was 5 m thick and the SiO 2 insulating layer was 3 m thick. Gold electrodes were deposited and selected portions of the device layer were removed using deep reactive ion etching ͑DRIE͒. The MEMS structure was released using either a wet etch of HF followed by critical point drying or a dry HF vapor tool. To reduce the time required for the release, etch holes were made in the MEMS flaps. Figure 7 shows the wafer after some of the processing steps. In this early example of our process, there are no etch holes. Figure 8 shows the teeth of the comb drive before the MEMS structure is released. If a voltage is applied, the teeth are in a position of unstable electrostatic equilibrium. Because the separation between the teeth is only 2 m, the springs of the MEMS structure must supply a strong symmetric restoring force. Figure 9 shows the MEMS structure moving at its resonant frequency of 15 kHz with a 12 m amplitude. The amplitude of the drive voltage needed to get this amplitude was 50 V. By measuring the amplitude of the motion versus frequency, we determined that the Q of the resonant structure was about 30. We have gotten all the component parts to function correctly, but when we attempted to fabricate a complete device, we found that HF used in the wet HF release damaged the magnetic sensor. We were unable to find a suitable protective layer to prevent this damage. This led us to use flip chip bonding and to put the MEMS structure on one chip and the spin valve on the other chip. This approach allowed us to fabricate complete devices.
Testing
A picture of the complete package that has four devices, two of which are wired, is shown in Fig. 10 . We analyzed the power spectrum of the output from the magnetic sensor in two ways. Sometimes, we measured it directly. Other times, we sent the output first to a lock-in amplifier whose switching frequency was controlled by the voltage source driving the MEMS structure. This second method allows us to demodulate the signal.
Each flap has a comb drive. If only one of the two comb drives is energized, then two major normal mode motions are possible. In one of the modes, the separation between the flaps stays constant and both flaps perform an oscillatory motion in the field sense direction of the magnetometer. We define this mode as the in phase mode. In the other mode, the flaps again perform an oscillatory motion in the field sense direction, but in this case, the separation between the flaps changes. We define this mode as the out of phase mode. If both comb drives are energized by the same voltage, only the out of phase mode occurs and the field at the position of the sensor is modulated. In our design, if the out of phase motion is driven to have an amplitude of 12 m, we estimate that the magnetic field at the sensor will be modulated by a factor of 2. This estimate is based on magnetic field modeling calculations performed using MAXWELL 3D, a software package from Ansoft Corp. The reliability of these types of calculations was checked by comparing the results of model calculations and experiments using stationary flux concentrators.
We had already found 21 that the presence of the flux concentrator does not increase the noise. The reason that it does not increase the noise is because the flux concentrator is so much larger 23 than the spin valve. In testing the complete device, we found that applying the drive voltage does not increase the noise. When we applied magnetic fields at 50 and 100 Hz, sidebands to the applied drive signal were observed. These sidebands are shown in Fig. 11 . Although this result was encouraging, it was noted that the amplitudes of these sidebands are too small. Apparently, the MEMS motion of the flaps is inhibited. We believe that the reason why the amplitude is too small is because the two chips are too close to one another. The separation will be increased in the next fabrication of the device. The amplitude of the sidebands in the power spectrum has the correct quadratic dependence on the magnitude of the field. Further, we found that we could demodulate a 1 Hz applied field even though the bandwidth of the signal applied to the MEMS flaps was 4 Hz wide. Thus, the bandwidth of the drive signal does not place a lower bound on the operating frequency of the device.
Plans and optimization
After obtaining the correct motion for the MEMS structure, the spin valve sensor will be replaced by MTJ sensors. One of the advantages of this sensor is that it has a bigger MR. The devices will be vacuum packaged to increase Q and, thus, decrease the necessary drive voltage. Vacuum packaging should increase the Q from 30 to about 300. The sensors should be used in a Wheatstone bridge configuration. To optimize the performance, one should consider all the noise sources. The noise sources include amplifier noise, Johnson and shot noises, electronic 1 / f noise, magnetic white noise, and magnetic 1 / f noise. Here, we shall only consider the magnetic noise. The 1 / f noise, which is predicted 24 to be inversely proportional to the size of the system, will be decreased by the frequency shift provided for by the MEMS flux concentrator. Of more importance is the fact that the magnetic white noise 23 is also inversely proportional to the volume. Based on our estimates of possible performance, to obtain a detectivity of 1 pT/ ͱ Hz at 1 Hz, it will be necessary to have a large volume for the free ferromagnetic layer in the MTJ sensor. The volume of the free layer can be made larger without changing the design of the MEMS flux concentrators by making the free layer thicker. MTJ sensors are better than GMR sensors for this application because one can increase the thickness of the free layer without affecting the sensitivity. One cannot increase the thickness of the free layer very much in GMR without decreasing their performance and/or making their impedance too low. Figure 12 shows the detectivity of several commercial magnetic sensors. Also shown are our estimates of the possible performance at 0.01 Hz that may be attained using MEMS flux concentrators. The steps required are using the MEMS flux concentrator, MTJ sensors, and increasing the volume of the free layer. The most challenging step will be to increase the volume of the free layer sufficiently that the noise is not determined by the magnetic white noise. The improvements shown in Fig. 12 are based on using reasonable estimates 25 in the following equation for the noise sources:
where the symbols are defined in Table II .
III. SUMMARY
Several approaches have been discussed for improving the performance of magnetic sensors. Although miniaturization offers potential cost savings, there are also cases where decreasing the size will also decrease the performance characteristics. For example, decreasing the volume of the cell in the chip scale magnetometers will decrease the sensitivity when collisions with the cell wall limit the spin lifetime. To take full advantage of the potential cost savings, it will be necessary to find large enough markets to justify the engineering and manufacturing cost of producing large quantities of sensors with improved performance. Trade-offs must be made. For example, it is desirable to increase the impedance of MTJ sensors to decrease the power consumption, but increasing the impedance increases the Johnson noise. Increasing the size of the MEMS flaps increases the amplitude of the field modulation in the MEMS flux concentrator and/or permits the use of larger sensors, but it also tends to decrease the resonant frequency. New total field and vector field magnetometers offer the possibility of smaller, lower cost, and/or higher sensitivity magnetic sensors. In general, these sensors will also consume less power. These positive features may give rise to new applications and create a larger market for magnetic sensors.
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